To remove dust particles accumulated on pad surfaces or probe tips after they contact each other during semiconductor wafer testing, a cleaning process is required. On the one hand, scrubbing is an efficient method to remove the oxide layer on the surfaces. However, excessive scrubbing degrades the probe's mechanical properties and leads to the accumulation of excessive dust and plastic deformation failure of the pad surface. Therefore, we have developed a new contact probe that allows only a vertical displacement of the probe tip on the pad surface to minimize the horizontal displacement for scrubbing. This probe is fabricated using a beryllium-copper alloy and is characterized by a two-beam structure. The matrix method is employed to investigate the contact probe structure and the results are compared with the data obtained with a commercial finite element method. Furthermore, electrical contact resistance is measured experimentally and determined theoretically using Holm's theory. A durability test is conducted to simulate more than 100,000 contacts between the probe tip and the pad; this allows us to examine the probe tip's endurance and whether the electrical resistance of the contact could be sustained. Our results suggest that the two-beam structural probe ensures a stable electrical contact resistance when the contact force is within specific limits and the horizontal displacement for scrubbing is minimized.
Introduction
Probe cards are widely used to investigate the electrical properties of the integrated circuits fabricated on a semiconductor wafer. Therefore, it is essential that probes combine high conductivity and corrosion resistance with excellent mechanical properties such as a uniform spring constant, high elastic limitation, and hardness. Aluminum (Al) pads are often used in semiconductor devices, particularly as the gate electrode. However, the thin, nonuniform oxide layer that naturally forms on the surface of Al pads after contact with the probe tip attracts dust and other fine particles.
As dust particles on the pads degrade the electrical contact with the probe tip, different methods have been proposed to completely remove the oxide layer and prevent the surface from re-oxidizing. As reported in the 2009 edition of the International Technology Roadmap for Semiconductors (ITRS), [1] scrubbing can break the thin oxide film formed on a metal pad surface and improve the electrical contact with the probe tips.
To minimize the possibility of re-oxidation, S. Shimada et al. [2] deposited a platinum film, 1 nm thick, on a probe's tip and studied how the probe's shape and scrubbing motion is related to the amount of dust covering the metal pad surface after oxidation. More specifically, a favorable reduction in the dust particles accumulated was observed after the deposition of the thin platinum film, irrespective of the duration of scrubbing.
Similarly, Ishida et al. [3] reported on the result of breaking the oxide film formed on an Al pad at low contact force.
However, it was clearly noticeable that relatively long duration scrubbing can result in the destruction of the pad surface and the accumulation of dust. Therefore, a countermeasure is necessary.
Researchers like Zhang, et al., [4] C. Tsou, et al., [5] and Ito, et al. [6] have developed probe cards based on conventional cantilever beam structures. Unfortunately, it has not been possible to avoid the need for scrubbing due to the structure's rigidity. A cleaning process is necessary to remove the accumulation of dust particles.
Many examples of the accumulation of dust particles on the probe tips are reported. Wijeyeseekera, et al., [7] for example, showed scanning electron microscope (SEM) pictures of 15,000 TDs (Touch Downs) on solder bumps before the cleaning process. A large number of TDs can be an effective way to indentify the garbage material on the probe tips and the condition of the pad surfaces.
In this paper, we report on the development of a contact probe that does not require cleaning. Unlike the structure of conventional contact probes, a multi-beam structure provides a choice between different beam shapes and rigidity values. There are many ways to fabricate a contact probe with or without limiting the horizontal movement. In the development of this new contact probe, there were several factors that we took into consideration, such as the electrochemical properties of the materials to be used, the shape of the probe's tip, and mechanical characteristics such as the contact force and overdrive. With minimum horizontal displacement of the probe tip, the excessive dust of the thin oxide film and the induced plastic deformation of the pad surface were noticeably limited, allowing the cleaning process during successive probe contacts to be eliminated.
Development Methodology

Materials and their mechanical properties
The hardness and other mechanical properties of several materials, such as W, Ni, and BeCu, were assessed before we selected those with properties very similar to the aluminum oxide. In this study, we present a contact probe made of BeCu, a material that was selected because of its excellent mechanical properties and its relatively simple fabrication with a process such as etching, as shown in Fig. 1 . The left image in Fig. 1 shows the Be-Cu probe tip, and the right shows the configuration.
To evaluate the mechanical characteristics of the newly developed contact probe, theoretical studies were conducted based on the matrix method and the use of a finite element method. The contact probe under study uses the two-beam structure shown in Fig. 2 . On the other hand, Fig. 3 shows the structure of a contact probe that served as the starting point for the theoretical analysis conducted using the matrix method. In Fig. 3 , each member of the structure is considered as a local coordinate system. The total structure is a 2D frame with the following assumptions: (a) Rigid jointed frame, and (b) Deformation within the elastic zone. Furthermore, a vertical force was introduced in order to consider the contact force, and a horizontal one to consider the friction force developed between the probe's tip and the pad surface. The beam angles α 1 and α 2 were positive when measured in the clockwise direction. This direction was defined with respect to the local and global coordinate systems. In addition, the multibeam structure allows for a straight trajectory of the probe's tip to realize the vertical displacement with only a slight allowable horizontal displacement. Hence, the effectiveness of scrubbing can be estimated.
Generally, the matrix method is a structural analysis method used as a fundamental principle in many applications in civil and mechanical engineering. Because of its simplicity and the effectiveness with which it estimates the stress and deformations of a structure's individual elements, it was employed in the computation of both the horizontal and the vertical displacement of the probe's tip Fig. 4 (a) . Similarly, the results obtained with the finite element method are plotted in Fig. 4 (b) . It is clearly seen applied. Surprisingly, a relatively limited scrub length was observed in the results of both the theoretical analyses and FEM simulations. Therefore, we conclude that the beam structure is applicable to a wide variety of testing methods applied in the probe card industry.
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The scrub length
The shape and depth of the pad deformation and the amount of dust accumulated around the deformation area after the probe tip came into contact with the Al pad surface were examined by means of atomic force microscopy.
The evaluations were conducted after applying a contact force of 10 mN, which corresponds to 100 μm of overdrive for the probe used in this current study. In order to cope with the heterogeneity of the scrub mark, the results obtained from three positions are plotted in Fig. 6 (a) and (b), and the relation between scrub direction and scrub length is shown in Fig. 6 (c) . As shown in Fig. 6 , the scrub length was approximately 1 μm and the maximum deformation depth was approximately 0.25 μm. We assume from the deformation mark that some parts of the deformation were within the elastic limits, and other parts were due to plastic residual deformation on the surface. However, in our probe design, the amount of dust accumulated due to the breaking of the thin oxide layer or the destruction of parts of the Al pad by scrubbing was sufficiently limited. Therefore, there was no need for cleaning before the next contact between the probe tip and the pad.
Electrical contact resistance
An increase in the electrical contact resistance was observed as a result of localized Joule heating at the probe tip, which gives rise to a considerable increase in the localized temperature as well as in the oxidation growth rate at spots. As reported in the ITRS, [1] electrical contact resistance of less than 0.5 Ω is necessary to ensure the durability and workability of the contact probe.
Assuming the local deformation of the pad is plastic, the electrical contact resistance, R c , can be approximated using the equation proposed by Holm, [8] which is given by (4) where ρ is the electrical resistivity; H, the hardness; σ f , the resistivity of the thin oxide layer; and P, the contact force.
The electrical contact resistance was measured during our experiments by means of the setup shown in Fig. 7 , which allows to us to estimate the magnitude of the contact force applied and the electrical contact resistance for a specific overdrive. Details of the experimental procedure followed to estimate the electrical contact resistance can be found in Kataoka, et al..[9] An ampere-meter and a voltage-meter are used in a four-point probe measuring the contact resistance. In addition, the durability test was conducted for more than 100,000 repetitions at a contact force of 10 mN, as shown in Fig. 9 . The result shows that a contact resistance of less than 0.5 Ω was maintained throughout the test duration. The durability is also significant in maintaining the optimal performance of the contact probe, particularly in terms of its electrical characteristics.
Conclusions
In this paper, a new contact probe that does not require cleaning is introduced. Compared to the structure of conventional contact probes such as cantilever beam structures, our two-beam structural probe offers numerous advantages. In particular, it can guarantee improved mechanical performance of the contact probe under certain conditions, which include a flexible overdrive, controllable contact force, and negligible scrub motion. In addition, optimal electrical performance, such as sustained electrical contact resistance, can be obtained.
The results in this paper show that our two-beam structural probe ensures stable electrical contact resistance when the contact force is within specific limits and the horizontal displacement for scrubbing is minimized. Furthermore, the amount of dust particles accumulated on the pad surface is negligible and there is no need for cleaning before the next contact between the contact probe and the pad surface.
In conclusion, our experiments have resulted in the development of a contact probe that does not require cleaning, opening the door to even greater advancements in the design of contact probes in the near future.
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